Introduction {#section5-1947603514520628}
============

Osteochondral defects are quite common and are notably reported in approximately 20% of all arthroscopic procedures.^[@bibr1-1947603514520628],[@bibr2-1947603514520628]^ Moreover, it has been reported that up to 43% of healthy subjects even without a family history of osteoarthritis (OA) would have a knee cartilage lesion detected by MRI.^[@bibr3-1947603514520628]^ Such lesions are clinically important because they could cause pain, locking of the joint, and/or other symptoms leading to the subject's disability. They might progress further cartilage loss and result in severe OA over an extended period.^[@bibr4-1947603514520628]^

The most significant problem associated with osteochondral defects is the limited capacity for repair.^[@bibr5-1947603514520628]^ It is known that there are critical sizes for repairable defects, depending on each species.^[@bibr6-1947603514520628],[@bibr7-1947603514520628]^ In other words, full repair would not be expected for any defect larger than the critical size. The reasons of this limited repair capacity are not completely understood; however, it is thought that an insufficient supply of progenitor cells and/or growth factors due to avascularity in the lesion of articular cartilage may contribute to this limitation to some extent.^[@bibr8-1947603514520628]^ Many researchers have studied cell transplantation and/or the administration of many kinds of growth factors into cartilage defects.^[@bibr9-1947603514520628][@bibr10-1947603514520628][@bibr11-1947603514520628][@bibr12-1947603514520628]-[@bibr13-1947603514520628]^ Some cell transplantation trials have shown success with respect to cartilage repair and have been subsequently tested in the clinical setting.^[@bibr14-1947603514520628][@bibr15-1947603514520628]-[@bibr16-1947603514520628]^ However, the mechanism involved in the repair process has not yet been fully clarified.^[@bibr17-1947603514520628]^

In the past, some researchers have studied the origin of cells contributing to the tissue repair process. Shapiro *et al*.^[@bibr18-1947603514520628]^ have reported that small osteochondral defects in young rabbit cartilage were filled with mesenchymal cells within 2 weeks. They carried out titrated thymidine pulse chase experiments and could detect the signals in the bone marrow underlying the defect first and subsequently in the repair tissue, but never in the adjacent "healthy" cartilage. The authors concluded that the cells contributing to tissue repair would likely be derived from the bone marrow. Additionally, different studies suggest that cells having the potential for tissue repair could originate from other areas around the joint, including the synovium^[@bibr19-1947603514520628][@bibr20-1947603514520628]-[@bibr21-1947603514520628]^ and the articular cartilage itself.^[@bibr22-1947603514520628],[@bibr23-1947603514520628]^

These previous reports could not rule out the possibility that peripheral blood cells contribute to tissue repair, because they did not try to detect these cells. Recently, we showed that a cell population involved in tissue repair within the osteochondral defect was supplied from the peripheral blood flow using a rat parabiosis model with green fluorescent protein--transgenic and wild-type rats.^[@bibr24-1947603514520628]^ This result could help in the development of new therapeutic strategies for osteochondral defect repair.

We hypothesized that glanulocyte colony-stimulating factor (G-CSF) might enhance the repair of osteochondral defects and produce better quality hyaline cartilage, because G-CSF increases the absolute number of peripheral blood nucleated cells. In this study, we aimed to assess the effect of G-CSF on osteochondral defect repair in rats.

Materials and Methods {#section6-1947603514520628}
=====================

Animals {#section7-1947603514520628}
-------

Twenty-six 12-week-old male Lewis rats (Charles River Laboratories, Yokohama, Japan) were used in this study. All animals were maintained on a 24-hour light--dark cycle, with food and water available ad libitum. All experimental animal procedures were approved by and were in accordance with the regulations of the Osaka City University School of Medicine Committee on Animal Research. Twenty-six animals were randomly divided into 2 groups: a G-CSF group and a control group.

Pretreatment With G-CSF {#section8-1947603514520628}
-----------------------

In this study, from day 0 to day 4, rats in the G-CSF group (*n* = 13) received a subcutaneous injection of glycosylated G-CSF (Lenograstim, Neutrogin®, Chugai-Pharma, Tokyo, Japan) at 150 µg/kg in 500 µL of phosphate-buffered saline, while control group animals (*n* = 13) received a subcutaneous injection of 500 µL phosphate-buffered saline.

Defect Creation {#section9-1947603514520628}
---------------

On day 4, the 26 rats were anesthetized by subcutaneous injections of ketamine (50 mg/mL; Sankyo, Tokyo, Japan) and xylazine (0.2 mg/mL; Bayer HealthCare, Tokyo, Japan) in a ratio of 10:3 at a dose of 1 mL/kg body weight. The patella was dislocated laterally through a medial parapatellar approach. Subsequently, a 1.5-mm diameter and 1.0-mm deep osteochondral defect was made in the patellar groove of the femoral bone in both knees using a hand drill. The dislocated patella was returned to the original position and then sutured. All rats were allowed to move freely after surgery.

Measurement of the Number of Leukocytes in the Peripheral Blood {#section10-1947603514520628}
---------------------------------------------------------------

The number of leukocytes in the peripheral blood was measured from day 0 to day 14 using a fully automatic blood cell counter (Celltac α, MEK- 6258; Nihon Kohden, Tokyo, Japan). Twelve rats from each group were evaluated. In addition, peripheral blood was collected from the tail of each rat.

Histological Evaluation {#section11-1947603514520628}
-----------------------

Following osteochondral defect surgery, 4 knees of 2 rats at 2, 4, 8, and 24 weeks, and 10 knees of 5 rats at 12 weeks were euthanized by CO~2~ inhalation. Both knees were collected from each animal. Following excision, the knees were fixed in 4% paraformaldehyde (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 24 hours at 4 °C, decalcified for 4 weeks, embedded in paraffin, and sectioned at a 5-µm thickness. Histological analyses under light microscopy were performed using hematoxylin--eosin and toluidine blue staining.

Quantitative Histological Analyses {#section12-1947603514520628}
----------------------------------

Quantitative histological analyses were performed with the software KIPS_Ver091b (Kawasaki Heavy Industries, Ltd., Kobe, Japan) that can automatically recognize the presence of tissue and distinguish the cartilage from other tissue areas in the region of interest, based on the staining. Using toluidine blue--stained sections, we analyzed the tissue repair rate to assess the extent of defect repair. The tissue repair rate was defined as the percentage of osteochondral defects that were repaired per week. We also analyzed the area of cartilage tissue to assess the extent of cartilage repair. The cartilage repair rate was defined as the percentage of cartilage defects with metachromatic cartilage tissue that were repaired per week. The extent of cartilage repair was evaluated by the Wakitani score.^[@bibr10-1947603514520628]^ Wakitani score was assessed by 2 observers and the average was used to analysis.

Statistical Analysis {#section13-1947603514520628}
--------------------

The data of 2 groups were compared using the Mann--Whitney *U* test. Statistical tests were considered significant at the level of *P* \< 0.05. All *P* values were 2-sided.

Results {#section14-1947603514520628}
=======

The Number of Leukocytes in the Peripheral Blood {#section15-1947603514520628}
------------------------------------------------

The leukocyte number gradually increased from day 2 and reached \>30,000 cells/µL on day 4 ([**Fig. 1**](#fig1-1947603514520628){ref-type="fig"}). This increase was maintained for about 2 days, and returned to the original level after day 7.

![Change in the leukocyte number. The leukocyte number in the peripheral blood was measured from day 0 to day 14 using a fully automatic blood cell counter (Celltac α, MEK-6258, Nihon Kohden, Tokyo, Japan). The number increased gradually from day 2 and reached \>30,000 cells/µL on day 4. It remained elevated for about 2 days, and after day 7, the number returned to the original level. This analysis was performed by Mann--Whitney *U* test. Results are expressed as mean ± standard deviation. G-CSF = granulocyte colony-stimulating factor; PBS, phosphate-buffered saline.](10.1177_1947603514520628-fig1){#fig1-1947603514520628}

Histological Observation {#section16-1947603514520628}
------------------------

### Control Groups {#section17-1947603514520628}

#### Two weeks after the operation ([Fig. 2A](#fig2-1947603514520628){ref-type="fig"}) {#section18-1947603514520628}

The defects were filled with fibrous tissue, but the surface was concave. The deeper quarter of the defects were filled with a newly formed, thin cancellous bone. The superficial regions were filled with fibrous tissue with a slightly metachromatic matrix.

![Histological findings. Time course of the histological observations: (A) control group at 2 weeks, (B) control group at 4 weeks, (C) control group at 8 weeks, (D) control group at 12 weeks, (E) control group at 24 weeks, (F) G-CSF group at 2 weeks, (G) G-CSF group at 4 weeks, (H) G-CSF group at 8 weeks, (I) G-CSF group at 12 weeks, and (J) G-CSF group at 24 weeks (toluidine blue staining). The repair processes in the G-CSF group were better than that in the control group at the early time points. Two weeks following the osteochondral surgery in the G-CSF group, the defects were more occupied with minimally cellular fibrous tissue and at 4 weeks the defects were more occupied with fibrous and bony tissue. However, after 8 weeks, the difference in the composition of repaired tissue in the 2 groups was less evident than that in the earlier phases. G-CSF = granulocyte colony-stimulating factor.](10.1177_1947603514520628-fig2){#fig2-1947603514520628}

#### Four weeks after the operation ([Fig. 2B](#fig2-1947603514520628){ref-type="fig"}) {#section19-1947603514520628}

The defects were filled with thick bone in the deeper half of the defects and faintly metachromatic fibrous tissue in the superficial layer. The surface was still slightly concave.

#### Eight weeks after the operation ([Fig. 2C](#fig2-1947603514520628){ref-type="fig"}) {#section20-1947603514520628}

The repaired tissue showed a smooth articular surface, but the defects were filled with fibrous tissue with a faintly metachromatic cartilage-like tissue.

#### Twelve weeks after the operation ([Fig. 2D](#fig2-1947603514520628){ref-type="fig"}) {#section21-1947603514520628}

The subchondral bone had been almost completely reformed. The defects became covered with cartilage-like tissue with round cells and a metachromatic matrix. The repaired surface remained smooth.

#### Twenty-four weeks after the operation ([Fig. 2E](#fig2-1947603514520628){ref-type="fig"}) {#section22-1947603514520628}

Subchondral bone had been almost entirely reformed, and a cartilage-like tissue had been deposited on the surface. Metachromatic staining was observed in the surface layer, and the repaired surface remained smooth. The repaired tissue appeared to be fibrous rather than hyaline cartilage.

### Granulocyte Colony-Stimulating Factor Groups {#section23-1947603514520628}

The repair processes in the G-CSF group were almost the same as those of the control group, except for the following points.

#### Two weeks after the operation ([Fig. 2F](#fig2-1947603514520628){ref-type="fig"}) {#section24-1947603514520628}

The defects were filled with more boney tissue than in the control group. The surface was slightly concave.

#### Four weeks after the operation ([Fig. 2G](#fig2-1947603514520628){ref-type="fig"}) {#section25-1947603514520628}

The thickness of the fibrous tissue of the deeper zone was reduced, and new bone filled this defect region. Subchondral bone formation was superior to that seen in the control group. More cartilage cells were seen in the middle region, and the superficial regions were filled with a metachromatic matrix. The surface was raised and smooth.

#### Eight weeks after the operation ([Fig. 2H](#fig2-1947603514520628){ref-type="fig"}) {#section26-1947603514520628}

The subchondral bone had been almost reformed, the surface was flat, and the thickness of the cartilage layer was increased. Metachromatic cartilage cells were seen in the middle layer.

#### Twelve weeks after the operation ([Fig. 2I](#fig2-1947603514520628){ref-type="fig"}) {#section27-1947603514520628}

The subchondral bone had been almost completely reformed.

#### Twenty-four weeks after the operation ([Fig. 2J](#fig2-1947603514520628){ref-type="fig"}) {#section28-1947603514520628}

The subchondral bone had been completely reformed. The defects were filled in with cartilage, which was slightly thinner than that at 12 weeks.

In the time course of the histological observations (toluidine blue staining), the repair processes in the G-CSF group were better than those in the control group, particularly at the early time points.

Quantitative Histological Analyses {#section29-1947603514520628}
----------------------------------

No significant difference in the tissue repair rate between the 2 groups was observed 2 weeks after surgery ([**Fig. 3A**](#fig3-1947603514520628){ref-type="fig"}). However, 4 weeks after surgery, the tissue repair rate was significantly higher in the G-CSF group.

![Quantification of various histological parameters. (A) Tissue repair rate. A significant difference was not observed between the 2 groups 2 weeks after surgery. However, at 4 weeks, the tissue repair rate was significantly higher in the granulocyte colony-stimulating factor (G-CSF) group. This analysis was performed by Mann--Whitney *U* test. (B) Cartilage repair rate. (C) Modified Wakitani score. There was no significant difference between the 2 groups at any of the time points. This analysis was performed by Mann--Whitney *U* test. Results are expressed as mean ± standard deviation.](10.1177_1947603514520628-fig3){#fig3-1947603514520628}

Cartilage repair rate ([**Fig. 3B**](#fig3-1947603514520628){ref-type="fig"}) and modified Wakitani score ([**Fig. 3C**](#fig3-1947603514520628){ref-type="fig"}) were not significantly different between the 2 groups.

Discussion {#section30-1947603514520628}
==========

In this study, the tissue repair rate was significantly higher (the surfaces were flat or slightly convex, but not concave) in the G-CSF group 4 weeks after surgery. Histological analysis showed that the tissues of the G-CSF group rats filled better and started filling earlier, suggesting that G-CSF could promote the repair of osteochondral defects by increasing the number of peripheral blood nucleated cells. To our knowledge, this study is the first to demonstrate that systemic administration of agents may be effective in promoting focal osteochondral defect repair *in vivo*; moreover, G-CSF could be one candidate for an agent.

Recently, some options are available for the treatment of osteochondral defects, including bone marrow stimulation, cartilage transplantation,^[@bibr25-1947603514520628]^ autologous chondrocyte implantation,^[@bibr15-1947603514520628],[@bibr26-1947603514520628][@bibr27-1947603514520628]-[@bibr28-1947603514520628]^ or the combination of some of these treatments. The bone marrow stimulation technique repairs the osteochondral defect with fibrocartilage, which is known to be biochemically and biomechanically different from normal hyaline cartilage, and tissue degeneration is a concern in the reparative tissues over a long period of time.^[@bibr29-1947603514520628],[@bibr30-1947603514520628]^ Nevertheless, this technique is still standard for articular cartilage repair methods because of low invasiveness, low cost, and ease of performance.

We previously reported the cells from the peripheral blood would contribute to tissue repair by using a rat parabiosis model with green fluorescent protein--transgenic and wild-type rats.^[@bibr24-1947603514520628]^ Our results supported the possibility that the peripheral blood cells also contribute to osteochondral repair. Therefore, the systemic administration of any agent that enhances peripheral blood cell numbers during osteochondral repair appears to be a promising therapeutic approach.

Granulocyte colony-stimulating factor is a major extracellular regulator of hemopoiesis and the innate immune system. Named for its relatively specific stimulation of the growth of neutrophil progenitor cells *in vitro* in semisolid cultures,^[@bibr31-1947603514520628],[@bibr32-1947603514520628]^ G-CSF influences the survival, proliferation, and differentiation of all cells in the neutrophil lineage, from hemopoietic stem cells to mature neutrophils. Furthermore, G-CSF influences the function of mature neutrophils.^[@bibr33-1947603514520628]^ In addition, it is possible that the mesenchymal stem cells were increased at the same time, increasing the number of neutrophils in bone marrow and stimulating the release of mesenchymal stem cells. These roles help explain the rapid uptake of G-CSF into clinical medicine as a drug that increases the production of neutrophils in patients with chemotherapy-induced neutropenia.^[@bibr34-1947603514520628]^ In the cardiac field, the usefulness of G-CSF for tissue repair has been shown in some papers. Janssens reported that the prospective randomized multicenter studies in AMI patients at increased risk for developing heart failure are required to evaluate whether or not the observed changes in remodeling parameters following early G-CSF treatment translate into a better clinical outcome and survival.^[@bibr35-1947603514520628]^ Moreover, Shim *et al*.^[@bibr36-1947603514520628]^ reported that cardiac repair by G-CSF therapy is a safe therapeutic approach. Therefore, we administered G-CSF through the systemic route to test if it improved cartilage repair in osteochondral defects. On the other hand, it was reported that G-CSF may play as pro-inﬂammatory role. This process was found during a sustained and prolonged release in the joint environment, as observed during the onset of inﬂammatory arthritis, along with a critical role of synovial tissue^[@bibr37-1947603514520628]^ and neutrophils in the genesis of the degenerative changes observed in the articular cartilage.^[@bibr38-1947603514520628]^ The possibility that G-CSF might influence negatively to tissue repair was not completely denied.

We observed that the G-CSF group showed better tissue filling and started earlier, whereas the absolute number of peripheral blood nucleated cells was raised beyond the normal level only on days 3 to 7 after injection of G-CSF. This result suggests that the peripheral blood nucleated cells enhanced by G-CSF contribute to the early phase of the healing process for osteochondral defects. Shapiro *et al*.^[@bibr18-1947603514520628]^ reported the origin and differentiation of cells for the repair of full-thickness defects of articular cartilage were studied histologically in rabbits. In the first few days, fibrous arcades were established across the defect, and this served to orient mesenchymal cell ingrowth.^[@bibr18-1947603514520628]^ At 4 to 8 weeks, the repaired cartilage took on a true hyaline appearance. In this study, G-CSF was subcutaneously injected into rats from day 0 to day 4, for a total of 5 days. The peripheral nucleated cells were raised 3 days after the first injection, reached more than 30,000 cells/µL at day 4 and 5, and returned to the normal levels 7 days after the first injection. Although we observed the tissue repair rate except for 4 weeks after surgery, cartilage repair rate and modified Wakitani score were not significantly different between the 2 groups. We consider that the duration of raised the number of leukocyte was not long enough. Improved cartilage repair might be expected if the higher number of peripheral blood cells could be maintained for a longer time than that in our experiment. Peripheral blood cells are considered to produce cytokines.^[@bibr39-1947603514520628]^ However, while we only examined the number of peripheral blood cells, cytokine production by these cells was not evaluated. It is possible that not only the cells directly, but humoral factors also may be involved in repair in the early phases. Further studies would be required to fully elucidate the effect of G-CSF on osteochondral repair.

Conclusions {#section31-1947603514520628}
===========

In this study, we aimed to assess the effect of G-CSF on osteochondral defect repair in a rat experimental model. Based on the histological findings, the G-CSF group showed improved tissue filling and started earlier. These results suggest that G-CSF could act as a promoting agent in the repair of osteochondral defects by increasing the number of peripheral blood nucleated cells.
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